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ABSTMCT
A study is made of strong luminous -shod fronts whieh are generated
in a pulsed linear discharge tube-, A high-voltage, low-in&uetance capac
itor bank supplies driving energies up to 3,125 joules. Strong shock
waves (shock Maeh numbers, Ms « 20 to 130 ) are propagated into ambient
air at initial pressures of 10 to 1,000 microns of mercury, The primary
and reflected luminous- shock fronts are examined with a rotating mirror
camera and time-average photography, The primary waves show strong
attenuation and are complicated by interactions with secondary fronts,
the measured reflected velocities are found to be greater than expected
on the basis of equilibrium real-air theory. Time-integrated spectra of
the discharge in the spectral region 3 ,5 0 0 to 5 ,0 0 0 A are characteristic
of spark spectra in a low-pressure air discharge. The investigation
points out the nonuniformity and the turbulent nature of the shortduration (tans of microseconds) shock flow. It is concluded, therefore,
that the use of such flows for studies in hypersonic aerodynamics must be
approached with reservation.
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nrHOTocraow
In the conventional one-dimensional prescure-driven shock tube
(ref. 1) a diaphragm separates two volumes of gas at different pressures.
When the diaphragm is removed, a compression wave propagates into the
low-pressure chamber and an expansion wave propagates into the hi$ipressure chamber.

In the case of a high-pressure ratio the compression

wave steepens into a ©hock front.

Hie shock front is an amplitude-

dependent disturbance throu$i which a change of entropy occurs.

It prop

agates at supersonic speed relative to the acoustic speed in the lowpressure chamber.

Hie strength of the shock is- proportional to the pres

sure ratio and the speed-of-sound ratio of the driver (high-pressure gas)
to the driven gas.

This can he accomplished in a variety of ways.

Hie

driver gas can be heated by an electric discharge or a combustion process
increasing both the pressure and speed-of-sound ratio across the dia
phragm

Hie speed-of-sound ratio can be ma5tl.ml.seA by selecting low molec

ular weight driver gases such as hydrogen and helium.

Further m ethods are

the application of multiple-diaphragm techniques and the use of varying
cross-section channels.

A survey of techniques and theory of the shock

tube in its many forms is found in reference 2.

In all the cases men

tioned di&phmgra© must be ©elected which can survive the high-pressure
ratio and have an efficient bursting process.

Hit© mechanical requirement

has, for the present, limited the diaphragm shock tube to shock Mach num
bers (the ratio of the shock front velocity to the speed of sound in the
unshoe,ked gas) of less than

« 30 , as, for example, In the electrically
2

5
driven shock tubes {refs. 3 and ^).

An alternative method for pro

ducing strong shocks without the necessity o f a diaphragm is the rapid
release of a large amount of energy creating a local hi^h temperature and
pressure*
wave.

expansion of the gas generates a strong, attenuating shock

This is the familar process occurring in explosions or blast waves

(ref. 5 ).

A

spark discharge tube can be used to

shocks in much the same way.

The development of

produce very strong
the spark dischargetube

and the progress of other electromagnetic devices for generating shock
waves are outlined in the following paragraph.
In 1951
appearing in

Fowler and Lee (ref. 6) pointed out that the luminosity
the appendages off a main electrical discharge (the so-called

Haylei^i afterglow), was 'highly concentrated in a series of advancing
fronts, rather than ejected as a tongue or jet." In a later paper by
Fowler et al. (ref. 7 ) the nature of these luminous waves was examined
in a T-tube discharge. Their results suggested the kinship of these waves
with shock waves and large-amplitude acoustical disturbances.

In general,

the luminous-front velocity was directly proportional to the capacitor
energy and inversely proportional to the initial pressure and molecular
weight of the test gas.

The attenuation of -the disturbance as well as

nechon or reflected waves were observed.

Fowler et al. (ref. 8) pointed

out that at low densities the strongly self-luminous shock front was the
principal manifestation of the hot-gas expansion.

Saha temperature excita

tion processes were expected to- be important in explaining these waves.
Since the shocked gases were shown to be highly ionised it was suggested
that the application of external magnetic fields would Increase the driving
force, which previously was derived mainly from Joule heating.

Kolb

(ref. 9) and Kash (ref. 10) modified the T-tube shock generator to include

several field coil and "backstrap” geometries to obtain a Lorentz volume
force on the ionized gases.

They were able to increase greatly the energy

transfer to the gas and thus obtained much stronger shocks.

Josephson

(ref. 1 1 ) introduced the linear "tapered tube” discharge for generating
strong axial shocks.

Is this case the current discharge takes place

along the axis of the shock tube and a strong "pinching” b y the self
induced magnetic field is the major driving force.
numbers on the order of Mg « 150
readily attainable.

Typically shock Kaeh

in deuterium and Mg » 30

in air are

Other types of electromagnetic shock tube© have been

reported in the literature and a good

summary

is found in a report by

Ziemer (ref* 12).
Such devices have a potential for many investigations dealing with
extreme temperature gases and hypersonic flows.

The Investigation

reported in this thesis arose from the possibility of using an electro
magnetic shock tube to study the problem of radiation heat transfer to
the nose of a reentry vehicle.

Ziemsr (ref. 13 ) successfully investigated

the effect o f a magnetic field on the shock standoff distance and stagna
tion point heat transfer on a hemispherical model using the flow in a
tapered-tube electromagnetic shock tube operated in air.

The development

of a thin-film heat-transfer gauge (ref. I k ) -used in hie investigation
indicates some of the difficulties in instrumentation of such shortduration flows (on the order of tens of microseconds). For radiation
studies these times would be sufficient, but a closer study of the flow
and contamination was. necessary since radiation levels can be greatly
affected by noiieguilibrium processes and contamination*

The writer visited

Dr. Ziemer in July i960 to discuss plans to develop an electromagnetic
shock tube at Langley Research Center.

By September i960 a 7.5 KY, 386

3

tapered-tube device bad been constructed with existing equipment*
.Although strong luminous fronts were generated, the contamination from
electrode erosion was severe due to the long ringing period of the die*
charge,

Subsequently, plans for a hii$i-voltage, low-Ia&uctance capaci

tor system were initiated.

The new facility was first operated in

September 1961 . fhis thesis presents a description of the latter elec
tromagnetic shock tube and the results of studies made on the luminous
fronts to determine the suitability of the shock flow for studying the
radiant heating problem to reentry vehicles..
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A*

Shock Tube
The shock tube used in this investigation is similar to the tapered-

tube-type device described by Ziamer (ref* 15).

A photograph of the shock

tube and associated electrical equipment is presented in figure 1 and the
major components are pointed out.

Figure 2 is a schematic of the facility.

The shod: tube proper is a 3 -inch inner-diamoter, double-tough Fyrex glass
pipe.

Several pipe lengths from 18 inches to h8 inches were used.

Stand

ard glass fittings join the shock, tube to the discharge region and the
end plate.

The tapered discharge region was obtained from Grenier Glass

Blowing Laboratories, Los Angeles, California.

It has a parabolic contour

which tapers from 3 inches at the exit o f the discharge region to 3 /1 inch
at the position of the button electrode,
allows for an O-ring vacuum seal.
the uniform glass pipe section.

A 1 -inch pree ision-bore tubing

O-rings are also used at the ends of
The shock tube is evacuated to Initial

pressures between 10 and 1,000 m icro n s of mercury by a Welch
mechanical pump.
pressure.

A 0- to

Duo-Seal

000-micron Hastings gauge measured the initial

The pressure was. controlled by a Teflon-seat bleed valve.

Ambient room air was the testing medium.

An observation port with sehlie-

r e n quality windows ai inches in diameter is presently being used in an
Q

effort to obtain schlleren pictures of the standing waves on blunt bodies
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in the shock flow*

This work, is In a preliminary stage and is not

reported in this thesis*
B.

Electrical Circuit
The electrical system consists of a bank of 10 one-microfarad low-

inductance capacitors connected in parallel.

The capacitors were pur

chased fro® Axel Electronics Corporation and are rated at 30 KV with a
ringing frequency'of 150 KC.
to the discharge tube*

BG/8 -U coax cable connects the capacitors

Hi order to minimise the Inductance two cables

were 'used for each capacitor.
between two brass pieces.

Hie sheaths are terminated by a press fit

The center conductors extend for 10 inches and

are then terminated at the rear of the positive air gap switch electrode
by means of lugs*

A second copper electrode..iglipletes the air gap switch

and extends into the low-pressure discharge tube and is referred to as
the button electrode.

A copper ring si inches in length serves as the
2

negative electrode in the discharge tube.
six copper straps, l / k inch by
glass section.

i/32

The circuit is completed by

inch, which

are

laid along the tapered

The straps are then insulated and pass over the air gap

switch and center conductor bundle to the sheath termination point.
Figure 3 shows a circuit diagram of the facility.

The charging,

firing, and shorting phases of the operation are controlled by three
Jennings High Voltage Vacuum Belay switches.

These switches are solenoid

operated at 11 > volts a~c by a remote-control panel (not shown) which is
isolated from the hlgfr voltage.

The charging and firing switches are

normally open and the shorting switch is nonsally closed.

The capacitors

are charged by a M E Corporation 30 -KV, 10-ma power supply which is
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manually operated.

A 200~®egohm bank of carbon resistors maintains the

brass trigger rod and the positive air gap electrode at the same potential
during the charging cycle.

This was found necessary because the vacuum

switch had enough leakage current to trigger the air gap before the
required charging voltage was obtained.

The shox-ting and firing resistors

are banks of 3 -K, l6 G-watt and i>K> 50-watt Electrohm resistors, x-espectively.

All grounds are terminated to the capacitor rack which is

grounded appropriately to the building.

C.

Air Gap Switch
Hie switch is shown in figure b* Hie surfaces of the electrodes are

approximate equipotentials of a parallel plate capacitor for a gap separation of 0*3? inch*

Shis distance, as determined from the Paschen curve

for air, will hold off 30 Wf at S. T. P.

Hie analysis of this electrode

configuration is attributed to Rogowsfci (ref. 1 3 ) who calculated the
equipotentiale at the edge of a parallel plate capacitor.

So the parallel

portions of the electrodes the field strength is 100 percent and drops off
rapidly ©long the rounded edges.

A rubber insulated brass rod inserted

along the axis of the positive electrode is maintained at the same poten
tial as the positive electrode by the 2001! resistor.

When switch A is

closed the brass rod is grounded tfcrou^t the 6UK resistor bank*

The 20CH

resistance is shunted by the air dielectric and current is drawn from the
positive electrode to the brass trigger.

Sufficient ionisation is present

to initiate complete breakdown of the atmospheric gap and consequently of
the low-pressure gap.
resistor.

Negligible current is then drawn by the firing

The switch has performed reliably throughout the investigation*

Copper

13
til© discharge always occurs In the center portion of the gap in a diam
eter of about 1 inch a© determined by the eroded area on the electrode
surfaces•
D.

Diagnostic Techniques
the luminous fronts were analysed mainly by a rotating mirror camera.

A Stecioaan-'Whitley Model 193-3 camera with writing speeds up to
3 raa/tticroftecoBd usings an air drive was employed.

Hie smear pictures

were obtained on black and white 33-mm Kodak Tri-X Pan' strip film.

Time-

average photographs of the lumination provided qualitative information of
the shock-tube behavior.

A 1/10-microsecand Kerr cell was used for a

limited time period in the study of the pinch discharge mechanism,

A

3^5-A Tektronix scope and a several-tum field coil placed near the dis
charge region supplied information about the effective circuit character
istics.
trograph.

Tima-lategrated spectra were obtained with a Cenco grating spec
The dispersion is roughly 16 X/uaa and allows spectra to be

taken in the first order between 2 #350 and 7 ,0 0 0 X.

A concave grating of

the replica type having 13*000 lines per inch and a focal length of 53 cm
was employed.

Certain portions of the grating surface were masked to

minimize "ghostsappearing in calibration spectra due to the grating
'imperfections.

CEAPTBR XX
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general Remarks

la operating the shock tube the capacitor bank is charged to voltages
between 12*5 and 22 K*f*
gap switch*

The discharge is initiated by triggering the air

A fraction of the total energy stored by the capacitors is

then added to the low-pressure gas*

The energy available for generating

the shock waves can be expressed as the sum of two terms:
&

,a

8x0

P

p/p

driver gas pressure per unit mass

p

enthalpy parameter* for a perfect gas is
where

if

7

7 /7 - 1 *

is the ratio of specific heats

magnetic field vector

The first tens Is the energy per unit mass In the magnetic field*

Since-

the gas is highly ionised by the electric discharge* this field applies a
,.-X

volume driving force
density*

^

Iv = J x B

-,-rft

to the gas* where

J is the current

The second energy term expresses the* increase in the internal
*
»
i

en e rg y of the gas and is derived from the <loale heating*

is the resistance of the conducting gas*

j £r m

where -1 '

Hie magnetic field is linearly

dependent on the current and therefore both energy terms are proportional
to the square of the discharge current*

It

The shock velocity is also

15
dependent upon the initial rate of current rise with time.

For a con*

stant L»C circuit the maximum current and derivative at time ze ro are:

V,c

initial charge on the capacitor

C

total system capacitance
total system inductance

Consequently ‘to obtain good energy transfer to the gas a high-voltage
and low-tn&uetaace system is necessary.

Josephson and Hales (ref. 16)

give a more complete analysis of design criteria for producing strong
shocks with a tapered-tube electromagnetic shock tube.
Besides the pinch-tube electrode configuration, two other config
urations were investigated.

They are sketched in figure 5.

direction of the Lorents driving force,
figuration.

The general

F-,, is indicated for each con

In the hollow button-ring and spindle-cone configurations

the current paths are inclined at a steep angle to the shock axis and
the magnetic driving force acts in the direction of the shock flow; in
the pinch tube the current is in the direction of the axis m d thus the
conducting gm is driven towards the center of the tube,

The luminous

fronts produced by these generators are examined with the rotating mirror
camera and time-average photography in order to determine the character
istics of the shoe*, flow.

The primary waves, shock profiles, and. reflec

ted waves are discussed in sections D, E, end F.

The time-integrated

16

1 V\ v w sST

(a)

Hollow button-ring electrode configuration.

(b) Aluminum spindle-cone electrode configuration.

(c)

Pinch tube electrode configuration.

Figure 5.- Sketch of electrode configurations (scale 1:2).
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spectra are then presented In section (5. Before proceeding to the flow
analysis, the electrical characteristics of the ringing discharge and
the mechanism of the pinch phenomena will he discussed in the following
two sections,
B.

Electrical Characteristics
The shock-tube circuit can he analysed on the basis of the equiv

alent circuit shown in figure 6 . Vc

capacitor hank.

Hie external 'inductance and resistance are

and are essentially constant,
gap switch..

are riven by

^ the initial charge on the

the major contributor to

le

and Rg

is the air

The inductance and resistance of the load or discharge tube

and

and are variables in time.

Hie instantaneous

voltage across the capacitor bank is then given by:

V - i(Rs + Kl ) + —

at

1(1*. i- I*,)

If the current is observed over several cycles , then the first tern,
which is the voltage across the external inductance and resistance, is
predominant and the circuit is treated m a dialed h-R-C discharge.
Hie second terra, which is the voltage at the button electrode, is

important in determining the driving characteristic a of the generator,
but for the purpose of finding the effective resistance aid inductance
of the circuit it can be neglected.

In this case the discharge current

18
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is given by:
Sx

wher*

R \2

n*

Sn

and M and L are the effective resistance and indnctance; T
period of the discharge*

Is the

A typical trace of the voltage output from a

l/t-ineh-diameter two-turn field coil is displayed on figure 7 * 3hls is
a time history of the induced voltage across the terminals of the coll.
32xis potential is derived from the time-dependent magnetic flux passing
through the coil*

Since the magnetic field varies linearly with the

current, then the scope trace is proportional to the time derivative of
the current.

Differentiating, the expression above for the current:
B

She effect of the last 'texts is small and is neglected*

period T

and decay factor B/2L

By measuring the

of the peaks of the trace the effective

resistance and inductance are determined*

Sic results of this calculation

for two of the electrode configurations are shown on the figure for the
maximum, and minimum total energy operating conditions*

She peak current
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di

c< —
dt

5p

sec

Ring-button
Charging volts, KV
Capacitance,

pf

12.5

Pinch tube
20.

6

9

Period, p sec

6.6

7-5

Eff.

0.18

0. l6

0.05

0.05

inductance, ph

Eff. resistance, ohms
Peak current, amps

72,000

127,000

Figure 7*- Typical scope trace of voltage output from field coil and
calculated circuit parameters.

C.

Pinched Pischarge
The pinched discharge was examined Qualitatively with the smear eastern#

time-average photographs, and the K err cell,

The results are summarized

in figure 8 . The time-average photograph shows a region of high luminous
intensity localised in a small column along the tube axis.

The width of

the column is greater near the button electrode- and seems to taper to a
narrow pencil ray of hot gas at the exit of the shock generator.

of the discharge arc shown in the Kerr cell picture.
button electrode a highly luminous "ball” is evident.

Details

I n the region of
Distinct luminous

rays emanate from this "ball ” and proceed to the ring electrode apparently
along the Inside wall of the conical glass section.

The hot pencil ray in

the center of the tube is not evident.. The streak camera smear was
obtained by placing a l/2-lneh slit along the glass cone and placing dis
tance markers an inch apart perpendicular to the tube axis.

It shows

that the illumination first begins at the button electrode and progresses
toward, the ring electrode.

Before passing through the ring electrode the

luminous-front speed is greatly increased.

The existence of a second

luminous wave beginning at the same time as the first wave at the button
•electrode can be seen.
structed.

From these data a model of the discharge is con

When the discharge is first initiated Hie ionized gas is imme

diately forced to the canter of the tube by 'the self-induced magnetic
field which, because of the axial nature of the discharge, Is perpendic
ular to the tube axis.

This pinching takes place at Hie button electrode

first because of the large current density in this region.

The temper

ature and pressure of the gas are rapidly increased, ■and as the conducting
fluid tries to expand it Is pinched more into the tub© axis.

This traveling

22

(a)

(b)

Time average photograph.

Kerr cell, l/lOp sec exposure.

ing electrode

ton electrode
(c )

Streak camera smear.

Figure 8.- Characteristics of pinch discharge.
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pinch drives the hot gas out of the ring electrode where it expands and
forms a strong luminous shock front,

Because the expansion takes place

"both along the axis and the tube radius the shocks would be expected to
have a curved contour.
in a later section,

Hiis is indeed the case and will be discussed

It is noted that these result© are consistent with

the description of the pinch given by Josephs©*! and Bale© (ref. 16} for
the same type of shock tube.

Their test gas was deuterium and the

ringing frequency was 810 KC with a maximum current of

x 105 amps.

They observed only one pinch followed 'by a second sheath of hot gas with
an image converter camera.

Their scope traces of the potential at the

button electrode, however, indicated as many as three successive pinches.
Although the smear pictures in this investigation only resolved one pinch
and a second luminous front they did indicate (more clearly on the neg
atives ) that the total li{$rb intensity in the discharge tube tended to
oscillate with the period of the discharge.
heating cycles.

This would indicate several

Josephson and Hales also pointed out that the secondary-

wave eventually caught up with the primary wave downstream and rein
forced the leading front.

This was observed in this investigation and

is discussed later.
D.

Performance of Shock Generators
Hie rotating mirror camera was used to obtain the primary luminous-

front velocities.

Slits were placed along the axis of the shock tube

and black pieces of tape were used as distance markers (in the streaks
presented these markers are 1 inch apart).

Hie luminosity smear

exhibits the shoe]: front as a curve of distance versus time on the

2h
35 -mm strip film.

A counter supplied with the camera accurately meas

ures the speed of the rotating mirror.

The Telocity of the luminous

front is then proportional to 'the slope of the curvature of the light
smear.

Experimentally the tangent of the angle at a point on the smear

front was measured and the velocity computed from:
tfs « C • BPS * tan ®

The constant C was determined from the geometry of the
magnification factor of the optics; BPS

camera and the

is the speed of the mirror in

revolutions par second, and B is the measured angle.
Figures 9, 10, and 11 showthe primary luminous-front velocity as
a function of the initial shod-tube pressure for constant distance from
the exit of the shock generator for the three electrode configurations.
The performance of the riag-fauttou configuration at 1 2 o KV and 6 pf Is
shown on the first figure.

At distances near the ring electrode veloc

ities are higher for the higher pressures.

Farther downstream the veloc

ity begins to be inversely proportional to 'the initial tube pressure.
The waves exhibit more attenuation at the hinder pressures.

Apparently

better energy transfer to the gas is accomplished at the hitter pressures.
The ,arris trends are shown on the next figure for the spindle-cone con
figuration.

The poor performance of this generator is attributed to

energy trapped in the cone by reflecting shocks off the inside walls.
The lines drawn through. the experimental points indicate only the gen
eral behavior of the primary shock velocity.

The curves are compli

cated at some distance from the exit of the shock generator by the rein
forcement of the primary shock by secondary waves.

In both these
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generators? secondary wares were apparent at every half cycle of the

ringing discharge.

This is shown for ’the ring-button configuration on

figure 12 in which twice the time interval of appearance of Hie Multiple
waves is correlated to the period of the ringing discharge*

figure 11 shows the performance of the pinch tube under several
initial voltage conditions*

The dashed line represents the operational

curve of Zieiaer's tapered tube as taken from reference 13 for 2p Wf and
9 pf in air at a distance of 20-3 cm from the ring electrode. A com

parison of the curves indicates the performance of the pinch tube

follows

closely that of Ziemer's apparatus.
Typical smear records are shown on figure 13 for the three gener
ators.

They indicate the attenuation of the primary wave and also the

production of multiple fronts and their interactions*

These fronts are

particularly numerous in the case of the first two configurations, and
as was pointed out, ‘their appearance corresponds closely with the period
of the discharge.

However, in the case of the pinch tube only three sec

ondary fronts are noted.

One follows very closely behind the primary

front end the other two at farther distances.

Smears farther downstream

confirm the intersection of these secondary fronts with the primary wave
thus enhancing its speed.
The attenuation of the waves is seen in figure lb for the pinch tube
at two different pressures, and figure 13 shows the attenuation for the
other two configurations.

It also illustrates the interaction and rein

forcement by a secondary wave.

The attenuation based on strong one

dimensional blast-wave theory (ref. 17) is inversely proportional to the
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square root of the distance from the blast. 3* This decay law is plotted
on each of the curves.

In the case of the pinch-tube shocks the agree

ment is fair, but the other configurations indicate stronger attenuation.
This is certainly to be expected in the case of the spindle-cone con
figuration since the diameter of the exit of the hot gas from the
electrode is small.

Thus, the expansion of the gas in the radial direc

tion would decrease the luninous front speed in the axial direction.
If models are placed in the flow of the primary wave strong lumi
nous gas caps are observed.
photographs of the bow waves.

Figure 16 shows the results of time-average
These pictures were obtained with a Graphax

camera with a polaroid film attachment.

A pair of crossed plane polaroids

were used to obtain contrast between the illumination from the freestream gas and hot gas cap wave.

The duration of this standoff wave was

measured with the streak camera for a pressure of 10 pHg.
wave duration was about 15 microseconds.
1

The steady

Ziemer (ref. 11) made a survey

For a strong one-dimensional blast wave the internal energy per

unit volume is t, » & pu^, where

p

is the gas density behind the wave

2

and u is the gas velocity. If the expansion is pictured as having
constant energy, and a weak dependence of p on distance is assumed,
then the total energy of the system is;
is the one-dimensional volume element.

¥ *= / (E + i pu2)&T, where
2
J O'*
J
Substituting for 1 and

dr

removing p from under the Integral we find, ¥ — p u % ^ glSB^ x f where
Ug is the shock front velocity. Therefore the attenuation is given by:

Figure

16 .- Time-average

photographs

of

luminous

bow

waves.

of these flow durations in air for varying initial tube pressures.

He

found that the bow wave remained for a longer time at the low-ohock-tube
pressures and at distances closer to the ring electrode.
A comparison of the three generators shows that the primary wave
of the pineh-tube configuration exhibits less attenuation and fewer
multiple-shock interactions.

Since the shock flow appeared to be less

complicated, the pinch-tube generator was the only one considered in the
following discussion of shock profile, reflected waves, and time**
integrated spectra.
E.

Shock Profile
The shock profiles were obtained with the streak camera by placing

observation slits perpendicular to the tube axis.

If the shocks are

curved than points in the slit will be illuminated at different apparent
times relative to the moving film m the luminous front passes by the
slit.

Since the writing speed of the camera in all cases is slower than

the luminous -front velocity, the actual profiles are more parabolic than
indicated.

Figure 17 presents typical shoek-proflie smears obtained with

the pinch tube at the exit of the ring electrode and at some distance
downstream of the discharge.

These pictures indicate that the shock is

parabolic and does not flatten much with distance.

The trailing lumina-

tion does not appear to be uniform, thus implying a turbulent gas motion.
Fowler and Turner (ref. 18) were able to alter greatly the profile of
electromagpetlcally driven shocks by the application of strong axially
magnetic fields up to 20,000 gauss.

Their shocks were generated in a

1-inch-diameter tube in deuterium.

At zero fields the shocks showed a

bulge in the center us in this investigation.

The application of the

Figure 1 7 Profile of shocks generated by pinch tube (20 KVj 9M-f)*
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axial field made this bulge more pronounced.

With zero field the parabolic

contour is explained by assuming that the gas along the axis is hotter
than near the wall,
F.

Reflected Luminous Fronts

A brass plug 2~ inches in diameter was placed in the shock tube at
k
three different positions from the ring electrode in the pineh-tube gen
erator. Smears were obtained of the primary wave and the reflecting
wave off the plug through a half-inch slit along the tube axis.

Fig

ure 18 shows typical pictures of the reflection process for the plug at
a distance of 35-6 cm from the ring electrode.

Time-average photographs

of the hot gas reflecting off the plug at three different pressures are
shown in figure 19,

A definite curved pattern of the hot gas standing

in front of the plug is evident.

From the smears it is observed that as

the reflected wave propagates into the stream of the oncoming wave it is
generally retarded at about 2.3 cm from the plug,

The wave then regains

speed and advances with increasing velocity up the shock tube.

Another

important feature is that the luminosity fro© the reflected wave appears
to begin at the plug before the primary wave reaches the end of the shock
tube. This is especially evident at the higher pressures.

At times a

faint luminous wave can be detected ahead of the intense luminous primary
wave and it appears to coincide with the beginning of the reflected wave
luminosity at the reflecting wall.

This indicates a relaxation process

taking place behind Hie incident wave. Since the radiation is mainly

electronic in nature, the extent of the relaxation zone is interpreted
as a rou$i measure of ionisation relaxation behind strong shocks in air.

Figure

18.-
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Figure 19*- Time-average photographs of hot gas reflecting off brass
plug located 9 inches from ring electrode.

ko

Niblett and ELacl-anaa (ref. 1 9 ) , for exaaple, have used this property of
1die reflection of strong luminous shocks to obtain an approximate meas
ure of ionisation relaxation in air.

She reflected -wave velocities were compared to an average incident
shock velocity.

This average shock velocity was calculated by measuring

the time for the luminous front to travel from the exit of the shock
generator to the reflecting plug.

The incident velocity at the plug was

also measured hut was not felt to he a good indication of the energy of
the oncoming flow because of interactions with multiple shocks which at
times gave a relatively high shock velocity at the plug.

In all cases

the average shock velocity was less than the velocity measured at the
reflecting plug.

Figure 20 shows a plot of the ratio of the measured

reflected velocity at the plug to the average oncoming flow velocity as
a function of the average velocity.

Assuming that this average velocity

corresponds to the effective incident velocity at the plug, the eacpected
reflected ratio based on equilibrium flow considerations behind an inci
dent norm al shock in real air (ref. 20) (that is, taking into account
dissociation and ionization in equilibrium) is shown in the dotted area.
This area represents a series of curves covering the pressure range con
sidered in this experiment.

The measured reflected ratios show a gen

eral trend to deviate from the equilibrium theory as the strength of
the incident wave decreases.

Within the experimental accuracy of

making the velocity measurements, rou^fly 25 p e r c e n t, th e reflected
ratios are on the average at least a factor of 2 greater than, the pre
dicted values.

The average effect of the initial ahock-tube pressure

on the reflected ratio is shown in figure 21.
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the points is an "eyeball” estimate of tk-. trend of the points.

This

curve shows that the ration which deviate-6 sect fram the e psilibritini
theory occur at the hitler pressures,

Figure 12 is a plot cf the

reflected velocity ratio measured at 1 0 ,2 cio upstream cf the plug as
a function of the average incident velocity.

It is evident from this

curve that the reflected velocity upstream is greater than the reflected
velocity at the plug.

The reflected waves are discussed further in the

summary.
Qi !H&e~Xntograted Spectra

Spectra were obtained in three different regions of the shock tube*
An acrylic, l/S-inch-thici* window was placed at the end of the shock and
the discharge was observed "by placing the spectrograph slit next to the
window without any focusing optics.

Spectra were also obtained looking

perpendicular to the tube downstream of the ring electrode and looking

directly at the pinch discharge tube without focusing optics.

Samples

of the spectra are displayed on figure 23 . Sic spectrum looking up
the tube ecktc exhibits a background continuumj the spectra are electronic
in nature and no hand structure is evident.

Most of the lines were

identified using the MIT wavelength tables (ref. 21) and -the spectrum
was found to he characteristic of spark spectra in air as taken from
reference 22*

Hie lines were identified to within 1 0 .5 1 , 93*e 01 and

Oil lines are especially sharp while the nitrogen lines ar^ less numerous

and often seem hasy and broad. The Call lines at 3933*7 ^ and 3910*9 X
o
o
and the All lines at 3944.0 A and 396I .6 A were present in all the spec
tra as well as strong SiI lines at 3905 *5 X and 4128*1-30.9 X.
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Figure 27) . - Time-integrated spectra of discharge from pinch tube
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weak iron and Cull lines were observed*

The absence of more numerous

and stronger copper lines is pulling since tile electrode© were copper
and the button electrode did ©how some erosion.

Ho lines were detected

in spectra (b) and (c) which were not identified in the spectrum (a)
looking up the tube axis.

In order to see line© looking downstream

of the discharge, the spectrograph ©lit was opened wider,
lines observed are from Call, All, and Sil.
exhibit sharp lines of 01 and Oil*

$he strong

Faint lines on the neg •iive

Hie spectrum in figure 2k of the air

gap switch discharge offers an interesting contrast to the low-pressure
air discharge.

Again the Call and All lines were present.

Hie iron and

silicon lines are attributed to the brass trigger and insulator.
major portion of the spectrum 1© due to copper, Cul ard Cull,
or nitrogen lines are present.
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CHAPTER H I
STJMKARY ASD CONCLUDING B&HARKS

Shock Jiach numbers of Mg
erators*

XyO were obtained at the exit of the gen

She shock, wave was strongly attenuated and decayed 'to Mg ~ 20

downstream appi’oidinately 6 inches from the ring electrode.

Because of

the ringing of the electrical discharge, multiple shocks were generated
at each half cycle.

In the case of the pinch tube 'these secondary waves

were not as numerous and the shock flow was more uniform.

The shock pro

files indicated a parabolic contour and nonuniforsoity of the intensity

of the illumination behind the primary wave. The waves did not flatten
as much as they propagated.

Steady flow times (tim e interval of a

constant luminous standoff distance on a blunt model) were on the order

of tens of microseconds * The behavior of 'the pinch, tube was found to be
in agj

the experience of others.

The reflected waves were found within -the experimental error,

rou^bly 2p percent, to exhibit velocities consistently greater than
those predicted by equilibrium shock theory*

On the basis of an ideal

shock tube for strong chocks ‘the limiting reflected ratio is given by:

% o i-v 2(7 - 1 )
%
where

y

* (7 + 1 )

is the specific heat ratio.

For air with

7 * l*b

this value

is one-third so that the ratios lie between one for sound waves and

m

^9
one-third for strong shock waves.

If a real gas is considered, the

specific heat ratio will decrease below one-third as dissociation and
Ionization of the gas seta in.

This reflects the increase in the number

of degrees of freedom of 'the system as rotational, vibrational, and
evcntially ionization energy modes are excited.

The effect on the shock

velocity ratio, for the range incident shock velocities encountered in
this work, is to decrease it to values less than O.lS.

In attempting

to explain this difference it should be pointed out that the shock waves
generated in the .olectromagnetic shock tube are more analogous to blast
waves.

Such waves propagate with a decaying pressure behind the wave as

in contrast to the slug of uniform gas assumed behind the moving normal
shock.

The fact •that the reflected velocity increased in speed as it

propaga.es farther upstream suggests that the wave is traveling head
on into fha rarefaction wave which is reflected from, the discharge

region.

On the basis of elementary theory the head-on collision of a

shock wave and a rarefaction wave could give rise to an enhanced shock
velocity.

Looking again for analogies with the ideal shock tube, the

fact that the reflected wave was initially retarded and In some cases
turned around and started all over again at the ref Lecting.plug seems
to suggest the interaction of a head-on collision of a ©hock wave and
a contact surface.
of the shock.

In this case ideal theory predicts a retardation

However, in Hie case of the reflected velocity ratio at

the wall a more complex explanation seems necessary.

The high value of

the reflected velocities would seem to indicate, based on the equation
above, a reduction in the effective degrees of freedom of the system and

50

thus a larger specific heat ratio.

It -would appear that certain non-

equilibrium processes and tkree-dimens lonal effects must be considered
in order to explain the large reflected velocities measured in this
investigation.
*s

Ihe time-integrated spectra of the low-pressure discharge were
characteristic of spark spectra in air.

Strong line radiation from

silicon indicated contamination from the glass walls; although the
electrodes showed some erosion, only faint copper lines were evident.
In the main, the spectrum viewing along the tube axis or directly at
the glass discharge region was characterized by sharp line radiation
from neutral and singly ionized oxygen; nitrogen lines were often
hazy and diffuse.

It is not apparent from such time-integrated spectra

how severely the contamination level would affect radiation heating
studies on a blunt obstacle placed in the shock flow.
In conclusion, the electromagnetic shock tube is an attractive
device for producing very strong shocks for short durations.

However,

it has been shown that the luminous shocks are far from simple.

The

flow <•xhibits nonuniform gas properties and seems to be pictured more
as a turbulent "ball” of gas with no definite contact surface interface.
Reflection of this "ball” of gas was complex and the reflected veloc
ities were greater than predicted on the basis of equilibrium theory.
A consideration of nonequillbrium thermodynamics seems necessary to
explain certain aspects of the electromagnetically driven shock tube.

In

view of these facts, it is concluded that the use of the flow generated
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